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Interfacing Physiologically-based Pharmacokinetic Modeling and Simulation Systems
Derek B. Janszen and M.C. Miller, Il Biostatistics, Epndenuolo%y & Systems Science

Medical University of South Carolina, Charleston, $

\)B STRACT

The graphical user interface of a physiologically-based
pharmacokinetic (PB PK} modeling and simulation system
developed for the Macintosh™ computer is described. The
user interactively specifies: 1) the anatomical structure of the
model (tissues) and the anatomical structure of each tissue;
2) physiological relationships: 3) uransport characteristics;
4) thermodynamic properties of the substance.

The interface utilizes four independent interactive win-
dows: Model, Parameter, Kinetics, and Solution. The user
sclects tissues for the model and an exposure route from a
flow diagram consisting of nine different tissues and four
possitle routes of exposure, or from a meru. Assumpiions
limiting the rate of mass transfer can be specified for each
tissue. Parameters for cach tissue, as well as dosage
parameters, are entered via dialog boxes. This method of
specifying the model parameters encourages "What if...7"
scenarios. The model is cast in an S-system format for ease
of solution and for added flexibility in simulating inherently
nonlinear biological sysiems. The system generates a sicady-
state solution, which can be plotied as multiple tissue
concentration—time curves on a configurable graph. The data
files can be exported to other graphics and statistics
xickages. The pictorial flow diagram, a table of all tissue
parameter valucs, the steady-state solution set, and the
graphic plots can be printed. -

INTRODUCTION

Physiologically-based pharmacokinetic (PB PK) models
utilize a system of lumped compartments which are dcsigned
on the basis of the actual anatomy and physiology of the
species. Model parameters fall into four broad categorics:
1) anutomical, e.g., organ volumes and tissue sizes;
2) physiological, ¢.z.. blood flow rates and enzyme
reaciion rales; 3) thermodynamic, ¢.g., drug-protein
binding isotherms; and 4) transport, e.g., membrane per-
meabilities (Himmelstein and Lutz, 1979).

The first step in the development of a PB model is to
select the number and type of Lissues. Once the Lissues are
selected, a flow scheme is drawn with the desired regions de-
scribing the species anatomically (Figure 1). The liver, gut.
spleen, and pancreas (enterohepatic system) are intercon-
nected anatornically, maintaining the physiological basis.

Each tissue is initally considered to consist of three
homogeneous subspaces: (a) a vascular space through
which the tissue is pcrfused with blood; (b) an interstitial
space, which forms a matrix for the tissue cells; and (c) an
intracellular space consisting of the tissue cells that
comprise the organ (Figure 2).

Rat=-limiting assumptions may simplify the 3-subspace
model 1o one or two subspaces. The flow-limited model
has a single space and is used to model tissues that are not
well perfused by the circulatory system. The membrane-
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limited wmodel assumes that the transfer across the cell
membrane is rate limiting, and thus reduces the tissue mocel
to 2 subspaces. Our system admits any of the above three
configurations for a tissue. The system also permits the
specification of four physiological processes which can
affect the distribution and flux of a substance: transport
across a membrane, binding, excretion, and metabol-
ism. A linear or non-linear formulation can be used for
modcling these processes, depending on the available
information for a given process. Generally, a PB model may
include any or all of these processes.

IMPLEMENTATION OF PK MODELS

Although the PB approach to PK modeling is the method
uf choice, there is, among some, reluctance to use this
approach because of the mathematics associated with the
method (D'Souza and Boxenbaum, 1988). Nevertheless,
progress in the development of compuler software for solv-
ing the system of differentigl cquations generated by these
models is being reported.

The literature describes three modeling methods. They in-
clude utilization: 1) of a fixed model simulator where the
number and/or types of tissues are fixed (Bloch et al., 1980;
Gabrielsson and Hakman, 1986; Menzel et al., 1987); 2) of
a general simulation system (Blau and Neely, 1987); and
1) of spreadsheet-based simulators (Ball es al. , 1985,
Johanson and Nislund, 1988).

Au the heant of these modeling methods are the algorithms
used to solve the sysiem of differential equations. Since
algcbraic solutions are not available for these complex
maJels, ihey must be approximated by numerical methods.
Two 1e:ms used to characterize these numerical methods are
accu: »cy and efficiency: by accuracy is meant the error
(difference) between the numerical solution and the true
solution; by eificiency is meant the "cost™ of the solution
in terms of ~onvergence of the estimation procedure, which
is generally -:gquated o compuler time. Some of these
methods are vr. » simple, easy o program, and are efficient;
their disadvautzgs is that they do not give very accurate
results. Other methe is. while achieving better accuracy, are
more difficult to program and are less efficient.

‘The modeling sysicm described in this paper utilizes the
Power-Law Formalism (Savageau, 1969; Voit, 1991). It
admiis several system-modeling strategies. Table A is a
mathematical representation of a generalized tissue with
three subspaces, denoted by the subscripts 1, 2, and 3. This
model expresses changes in mass in terms of blood and
lissue concentrations, and general flux and biotransformation
terms. In this representation, biotransformation (metab-
olism/excretion) can only occur in the "celluiar” subspace.
This representation also permits this set of equations (o be
used for modeling flow-limited and membrane-limited config-
urations by sctting appropriate lcrms equal to zero.




Table B describes the characleristics of the possible tissuc
configurations admitied by the gencralized 3-subspace model.
The number of subspaces, prescnce or abscnce of biotrans-
formation and flux terms, type of flux (ACTive or
PASsive), and type of biotransformation (LINcar or
Michaelis-Menten) are specifically enumerated.

Table C is the S-system rcpresentation conesponding 1o
the linear system of Table A. This set of three S-system
cquations can describe all possible cc..figurations for a
3-subspace tissue. In the S-system approach the different
configurations are admiucd by altering the values of the
parameters according 1o the rate laws that are in effect for a
particular configuration.

Our "PB-PK" modecling and simulation system is a
flexible and generic PB PK modeling and simulation system
devcloped for the Macintosh™ computer. The user inter-
actively specifics: 1) the anatomical structure of the model
(tissucs) and the anatomical structure of cach tissue (i.e., the
parameters of the vascular, interstitial, and intraccllular sub-
spaces); 2) physiological rclationships (blood flow ratcs for
cach tissue, metabolism and excretion of the substance);
3) transport characieristics, which also entails identification
of flow- and membrane-limitations; and 4) thermodynamic
propertizs of the substance (tissuc partition cocfficients).

The graphical user interface closely adheres to the human
interface guidclines proposcd by Apple Computer (1987).

The application has four independent interactive win-
dows: Mode}, Parameter, Kinetics, and Solution.
The content of cach window can be printed, and the model
(including parametcrs) and simulation data (sim-data) saved
independently as files. The sim-data file format allows it to
be exported o other graphics and/or statistical applications.

The uscr defincs the anatomical model in the Model
window (sce Figure 1). This requircs selection on a flow
diagram consisting of a subset of the nine diffcrent tissucs
identificd in the window: lung; hean, liver; gut; splcen;
kidney; muscle; testes; and "other”. There are four possible
roules of exposure: inuavenous (1V), intramuscular (IM),
oral, and inhalation.

Paramecters for the lissucs are entercd by means of dialog
boxes (Figurc 3). The user chooscs the tissue configuration,
depcnding on rate-limiting assumptions. The number of
paramelers 1o be specificd in the dialog box is a function of
this sclection. An array showing the values of all the model
paramieters is displayed in the Parametcr window.

Exposure route parameters are also entered via a diglog box.
The dosage regimen (Figure 4) admits a bolus or continuous
dose, with the uscr able to specify the time at which the
dosing occurs, as well as the fraction, F, that is absorbed
into the blood. Because of the modular format uscd in the
devclopment of this software, it will be possible to
incorporaie more complicated dosing regimens (e.g., the uni-
versal clemcentary dosing regimen (Scbalt and Kreeft, 1987))

The Kinetics window (Figure 4) displays the results of
the simulation once the model has becn sclected and the
paramelcrs cntered. Dialog boxes arc linked to this window
to allow for configuration of the graph (time in hours/days,

Pharmacokinetic Modeling 118

sclection of which tissues or metabolites to graph, eic.),
plotting of experimental data, and for any other parameters
nceded for solution of the set of differential equations.

The Solution window displays the resulting simulation
data in 8 columnar format. The user can specify the
frequency with which the time points are displayed (e.g.,
every sixth time point).

The sct of differential equations gencrated by the selection
and specification of tissues are solved by incorporating the
necessary modules from ESSYNS™, an intcractive program
wrilten for the analysis of mathematical models expressed in
S-system form (Irvine and Savageau, 1990; Voil et al., 1989).

DISCUSSION

As in all simulation systems, our modeling system is
dependent on extemal estimation of PK parameters used in
the modcl. These estimates may be derived from: the
litcrature; the investigator's previous cxperience; classical
parameter estimation experiments; or reflect a hypothesized
value. Although many physiological parameters arc
available in the literature, others, such as binding constants,
frequently are nol. When experimentation is not possible in
humans the investigator must rely on in vitro or animal
studies.

PB PK models are atlractive for a number of reasons. First
and foremost they are physiologically and anatomically
correct. Sccond, they admat non-linear relationships. Third,
they may be cast in the form of S-sysiems, thus making
them mathematically tractable. Fourth, these systems may
be easily modeled using our system. Finally, these modeis
may be used to visually describe system dynamics and status
through the graphical user interface. The classical approach
1o PK modcling relates dose and plasma concentration. The
physiological approach goes one step further to relate dose,
plasma, and tissue concentrations (Ritschel and Bancrjee,
1986). Furthcrmore, iy is adaptable to changing physiological
circumstances and can allow for specics-to-species and even
subject-to-subject dilferences within the context of the
physiological or anatomical paramcters in the model
(Himmelstein and Lutz, 1979). Perturbation of a parniicular
parameter allows one to predict the changes in distribution
or disposition of the drug during discase states, for instance,
or in the presence of anoti-er drug. The combined effect of a
numbcer of complex inter-related processes can also be
determined provided sufficient data are available (Ritschel and
Bancrjee, 1986).

SUMMARY

Physiologically-bascd pharmacokinetic modeling is
rapidly gaining acceptance as a mcthod for simulating tissue
drug concentrations bascd on anatomical and physiological
parameters and thermodynamic propertics of the drug.
Currently available software systems that use the physio-
logically-based philosophy are limited by the assumption of
a particular type of physiologically-based model. Using a
simulation language to defiic a complex model can be
tedious. The Janszen-Miller "PB-PK” syslem is an inleractive
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generic physiologically-based pharmacokinetic model-ing
and simulation sysiem wherein specification and modifi-
cation of the model is facilitated by the graphical user inter-
face of the Macintosh™ computer. It allows great flexibilty
in specifying a model, as well as ease of specifying the
mode! , and encourages “What if...7" scenarios.
The user selects tissues for the model and an exposure route
from an anatomical flow diagram or from a menu.
Assumptions limiting the rate of mass transfer can be
specified for each tissue. Parameters for each tissue, as well
as dosage parameters, are entered via dialog boxes. The
model is cast in an S-system format for ease of solution and
for added flexibility in simulating inherently nonlinear bio-
logical systems. The sysicm generates a steady-siate solu-
tion, which can be plotted as multiple tissue concentration-
time curves on a configurable graph. The sysicm allows one
o examine concurrent concentrations of a substance and its
metabolite(s) within vascular, interstitial, and cellular com-
ponents of a single tissue or organ; plot these values over
time in the presence of single or rcpeated dosing; plot exper-
imental data; and to generate data files for export o other
graphics and statistics packages. The pictorial flow diagram,
a table of all tissue paramcter values, the stcady-state
solution sct, and the graphic plots can be printed.
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